1. The rates of translocation of oxaloacetate and L-malate into rat liver mitochondria were measured by a direct spectrophotometric assay. 2. Penetration obeyed Michaelis-Menten kinetics, and apparent Km values were 40/iM for oxaloacetate and 0-13mm for L-malate. 3. Arrhenius plots of the temperaturedependence of rates of penetration gave activation energies of + lOkcal./mole for oxaloacetate and + 8kcal./mole for L-malate. 4. The translocation of both oxaloacetate and L-malate was competitively inhibited by D-malate, succinate, malonate, me8o-tartrate, maleate and citraconate. The Ki values of these inhibitors were similar for the penetration of both oxaloacetate and L-malate. 5. Rates of penetration were stimulated by NNN'N'-tetramethyl-p-phenylenediamine dihydrochloride plus ascorbate under aerobic conditions or by ATP under anaerobic conditions. 6. The energy-dependent stimulation of translocation was abolished by uncouplers of oxidative phosphorylation. Oligomycin A, aurovertin, octylguanidine and atractyloside prevented the stimulation by ATP, but did not inhibit the stimulation by NNN'N'-tetramethyl-p-phenylenediamine dihydrochloride plus ascorbate. 7. Mitochondria prepared in the presence of ethylenedioxybis(ethyleneamino)tetra-acetic acid did not exhibit the energy-dependent translocation, but this could be restored by the addition of 50 ,uM-calcium chloride. 8. Valinomycin or gramicidin plus potassium chloride enhanced the energydependent translocation of oxaloacetate and L-malate. 9. Addition of oxaloacetate stimulated the adenosine triphosphatase activity of the mitochondria, and the ratio of 'extra' oxaloacetate translocation to 'extra' adenosine triphosphatase activity was 1-6:1. 10. Possible mechanisms for the energy-dependent entry of oxaloacetate and L-malate into mitochondria are discussed in relation to the above results.
stimulated the adenosine triphosphatase activity of the mitochondria, and the ratio of 'extra' oxaloacetate translocation to 'extra' adenosine triphosphatase activity was 1-6:1. 10. Possible mechanisms for the energy-dependent entry of oxaloacetate and L-malate into mitochondria are discussed in relation to the above results.
The problem of how substrate anions enter mitochondria has recently received considerable attention. The inner mitochondrial membrane is readily permeable only to uncharged molecules of low molecular weight, but contains a number of specific carrier systenms for substrate anions (Chappell & Haarhoff, 1967; Robinson & Chappell, 1967a; Azzi, Chappell & Robinson, 1967; de Haan & Tager, 1968) . Harris, van Dam & Pressman (1967c,d) and Quagliariello & Palmieri (1968) confirmed and extended the earlier observations of Max & Purvis (1965) and Gamble (1965) Haslam & Krebs (1968) described a direct spectrophotometric method for measuring the rates of penetration of oxaloacetate and L-malate into mitochondria. This method was used to investigate whether mitochondria contain carrier systems for oxaloacetate and L-malate, and to study the energy dependence and cation requirement of the penetration mechanism. Preliminary results of this work have been reported (Griffiths & Haslam, 1967 Preparation of rat liver mitochondria and measurement of the rates of penetration of oxaloacetate and L-malate into mitochondria. These were as described by Haslam & Krebs (1968) . Methods for the assay of oxaloacetate, L-malate and mitochondrial protein were also as described by Haslam & Krebs (1968) .
Assay of ATPase activity. At pH7-6 reaction (1) in the absence of Mg2+ liberates 0-92,umole of H+/,umole of ATP hydrolysed (Nishimura, Ito & Chance, 1962 Gutfreund, 1965) ; the buffering power of the medium was measured by adding standard 0-IN-HCI or 0-1N-KOH from an Agla micro-syringe. All reagents were neutralized to pH7-6 with tris base, and the buffering power of the medium was recalibrated after each addition. RESULTS Effects of inhibitors of energy transfer on the rates of penetration. These are shown in Table 1 . Haslam & Krebs (1968) reported that the rates of translocation of oxaloacetate and L-malate into liver mitochondria were stimulated three-to four-fold by respiration initiated by the addition of TMPD plus ascorbate, or by ATP under anaerobic conditions. Even greater stimulations were observed for heart and kidney mitochondria (Haslam & Krebs, 1968 Haslam & Krebs (1968) . Incubations were at 300 in 3-00ml. containing 0-25M-sucrose, 20mM-tris-HCl (pH7-6), 0-5jiM-rotenone, (Haslam & Krebs, 1968 Robinson & Chappell (1967b) . Cations that are actively accumulated by mitochondria include bivalent cations (Chappell, Cohn & Greville, 1963) and univalent cations in the presence of valinomycin or gramicidin (Moore & Pressman, 1964 The pH was maintained at pH7-60 by automatic titration against 2-50mM-NaOH. 'Extra' ATPase activity= (29. for the detection of 'extra' ATPase activity to be expected on addition of oxaloacetate, if ATP is consumed stoicheiometrically during the translocation of oxaloacetate.
ATPase activity was assayed by the formation of H+, which was measured either titrimetrically at constant pH, or by the fall in pH in a medium whose buffering power was calibrated by the addition of standard acid or alkai. A concentration of oxaloacetate at least five times the Km for oxaloacetate translocation (>0.2mM) was added to mitochondria, and the ratio of 'extra' ATPase activity to the Vmas. for 'extra' oxaloacetate translocation was determined. Fig. 3 shows a typical pH-stat titration of the ATPase activity ofliver mitochondria at 250, and the effects ofadding oxaloacetate and oligomycin. The ratio 'extra' oxaloacetate translocation/' extra' ATPase activity was calculated as described above and the average ratio was 1-59+0-18 (mean+ S.D. of 18 experiments). Fig. 4 shows a similar experiment in which ATPase activity was measured by changes in pH, and H+ formation was calibrated against additions of standard potassium hydroxide. An average ratio (QAnoles of oxaloacetate/,mole of ATP) of 1-74 + 0-25 was obtained.
Oligomycin, which inhibited the energy-dependent stimulation of the penetration of oxaloacetate, also inhibited the ATPase activity of liver mitochondria in both the presence and the absence of oxaloacetate. Maleate and citraconate, which are potent competitive inhibitors of the penetration of oxaloacetate into mitochondria ( unlike the other anionic inhibitors are not transported into mitochondria (Chappell & Haarhoff, 1967) , inhibited the endogenous ATPase activity of the mitochondria by 30-40% and almost abolished the 'extra' ATPase activity produced by oxaloacetate.
DISCUSSION
Evidence for carrier 8y8tems for the penetration of oxaloacetate and L-malate into tiver mitochondria. The following evidence supports the hypothesis that the penetration of oxaloacetate and L-malate into liver mitochondria is mediated by carrier systems similar to those postulated by Chappell & Haarhoff (1967) for several classes of anions, including L-malate and other substrate anions.
(1) The penetration obeyed Michaelis-Menten kinetics with apparent Km values of 40 tM for oxaloacetate and 013nmr for L-malate. (2) Penetration was competitively inhibited by a number of dicarboxylic acids of similar structure: D-malate, succinate, malonate, Me8o-tartrate, maleate and citraconate. (3) Arrhenius plots gave activation energies of + 10 and + 8kcal./mole for the penetration of oxaloacetate and L-malate respectively. These activation energies are much higher than would be expected for a process of simple diffusion. Energy-dependence of tran8location. Oligomycin, aurovertin (Lardy, Connelly & Johnson, 1964) and octylguanidine (Pressman, 1963) prevent the formation of ATP from high-energy intermediates of oxidative phosphorylation, and atractyloside inhibits the formation of ATP at the level of adenine nucleotide translocation (Chappell & Crofts, 1966) . The effects of these inhibitors (Table  1) support the hypothesis that the stimulation of the translocation of oxaloacetate and L-malate into mitochondria is an energy-dependent process that can be driven by high-energy intermediates of oxidative phosphorylation. The stimulation of respiration-driven translocation by oligomycin is consistent with the effects of this inhibitor on other energy-linked reactions (Ernster & Lee, 1964) . TTFB uncouples oxidative phosphorylation at 30nM (Beechey, 1966) , and relatively high concentrations (50-l0OnM) were required to inhibit energy-dependent translocation, in agreement with the results of Harris et al. (1967c,d) and Quagliariello & Palmieri (1968) for other substrate anions. The inability of ATP to stimulate translocation at 50 and the high activation energies for ATP-dependent translocation at low temperatures are explained by the observations of Heldt & Klingenberg (1968) that the translocation of adenine nucleotides into mitochondria is inhibited at low temperatures.
Role of cation8 in the energy-dependent tran8tocation of anion8. Chappell et al. (1963) , Rossi, Carafoli, Drahota & Lehninger (1966) and Harris, Hofer & Pressman (1967a) consider that anion translocation is a passive process occurring subsequent to an energy-dependent translocation of cations. Ca2+ and other bivalent cations (Vasington & Murphy, 1962; Rossi & Lehninger, 1964) and K+ or other univalent cations in the presence of valinomycin or gramicidin (Moore & Pressman, 1964) the energy-dependent translocation of anions was investigated. Robinson & Chappell (1967b) showed, that if mitochondria were depleted of bound Ca2+ by preparation in a medium containing 1mm-EGTA, the energy-dependent translocation of oxaloacetate was abolished. This was confirmed, and it was shown that low concentrations of calcium chloride but not of magnesium chloride could restore the energy-dependent translocation of anions. However, high concentrations of EGTA were required to reverse the effects of low concentrations of calcium chloride, and it is proposed that tightly bound Ca2+ is specifically involved in the energydependent translocation of oxaloacetate and L-malate into mitochondria. The role of Ca2+ in anion transport is also supported by the stoicheiometry of the ATP requirement for the translocation of oxaloacetate: 1-65 molecules of oxaloacetate were translocated/molecule of ATP split, which is similar to the stoicheiometry of the translocation of Ca2+ (Rossi & Lehninger, 1964) , and suggests that one ATP molecule may support the translocation of two bivalent Ca2+ ions plus two bivalent anions.
Freshly isolated mitochondria contain only 6nmoles of Ca2+/mg. of protein (Thiers, Reynolds & Vallee, 1960) , which could only support the limited accumulation of anions. These Ca2+ ions must also leave the mitochondria before Ca2+ is re-accumulated, and would be expected to be accompanied by endogenous anions. Of the endogenous ATPase activity of liver mitochondria, 35% was inhibited by the non-penetrant anions maleate and citraconate, which also inhibit the energy-dependent translocation of oxaloacetate and L-malate. It is suggested that part of the endogenous ATPase activity of mitochondria represents the expenditure of energy in driving the cyclic translocation of Ca2+ plus endogenous anions. These ions enter mitochondria together in an energydependent reaction but may subsequently leak out passively at a finite rate.
Energy-dependent translocation of K+ in the presence of valinomycin or gramicidin also stimulated the translocation of oxaloacetate provided that the antibiotic was added immediately before the substrate anion. If mitochondria were preincubatedwithvalinomycinorgramicidinpluspotassium chloride, the energy-dependent translocation of anions was inhibited (Table 5 ). This observation is explained by the demonstration by Harris, Catlin & Pressman (1967b) that under these conditions mitochondria rapidly approach a dynamic steady state in which the energy-requiring influx of K+ is balanced by a passive efflux, and K+ acts as an uncoupler by inducing a cyclic transport of K+. As high concentrations of potassium chloride in the presence of valinomycin or gramicidin also inhibit the transport of Ca2+ (Ogata & Rasmussen, 1966) , the net transport of both cations is diminished, causing a corresponding inhibition of the translocation of anions.
Mechanism of translocation of 8ubstrate anions into mitochondria. The above results are consistent with the mechanism of anion translocation proposed by Chappell & Crofts (1966) . In the presence of an energy supply, cations that can be actively accumulated, such as Ca2+ or K+ (in the presence of valinomycin), are translocated into mitochondria in exchange for H+ ions (Rossi & Lehninger, 1964; Pressman, 1963) , and it is proposed that substrate anions subsequently are exchanged via carrier systems for intramitochondrial OH-ions. Energydependent cation translocation and passive anion translocation may occur virtually simultaneously, and the net effect is the accumulation of cations accompanied by an electrochemical equivalent of anions. In the absence of an energy supply it is visualized that substrate anions enter mitochondria via the same carrier systems in exchange for intramitochondrial anions including phosphate (see Gamble, 1965) and endogenous substrate anions, as proposed by van Dam & Slater (1967 
